coefficients of the constituent layers [4] . For an Electron Beam-Physical Vapour Deposited (EB-PVD) TBC with a β-(Ni, Pt)Al bond coat, TGO rumpling under thermal cycling has been recognised as one of the primary mechanisms for interfacial delamination [5] [6] [7] [8] [9] [10] . An investigation of TGO growth and the evolution of the interface under conditions representative of those in service will shed more light on the failure mechanisms of TBCs.
Most of the microstructural information collected to date regarding TBCs has been acquired using destructive cross-sectioning. This has two consequences. One is that specific features cannot be tracked as a function of thermal cycling since different samples are examined after different numbers of cycles. Another is that crucial features, such as interface cracks, can be introduced accidentally during sample preparation. As a non-destructive characterization method, X-ray μ-CT has been used for microstructure investigation over multiple scales [11, 12] . Zhao et al. were the first to use time-lapse -CT to follow the evolution of TGO formation and damage as a function of thermal exposure [13] . Ahmadian et al. revealed the 3D cracking characteristics in cycled air-plasma sprayed (APS) TBCs [14] . Subsequently, the displacement in a Pt-diffused γ/γ' bond coat has been mapped under cyclic exposure at 1200 °C using synchrotron X-ray μ-CT and digital volume correlation (DVC) [15] . Recently, the residual stress distribution in an APS TBC was determined using finite element (FE) models developed from the 3D micrographs obtained by X-ray μ-CT [16] .
Here we employ time-lapse X-ray μ-CT to track the evolution of the TGO and the TGO/bond coat interface in an EB-PVD TBC deposited on a β-Ni(Pt)Al bond coat during thermal cycling. After validation of the small sample geometry by comparison with destructive SEM images, our aim has been to use time-lapse X-ray μ-CT to follow and quantify TGO growth and the development of interfacial roughness as a function of thermal exposure and to relate these to the features in the as-deposited sample. The test coupons were cut from a pristine turbine blade comprising an EB-PVD yttria stabilised zirconia (YSZ) topcoat, a β-Ni(Pt)Al bond coat and a CMSX-4 single-crystal superalloy substrate. The coupon was then ground to a rectangular matchstick with a crosssection diagonal length of ~ 500 μm and a length of ~ 10 mm. This ensured that the sample was fully accommodated within the field of view (FOV) of the X-ray μ-CT system.
The as-deposited sample was exposed to thermal cycling using a cycling furnace (Model 1608 BL, CM Furnace Inc., UK.). Each thermal cycle comprised a 5 min heating ramp to 1150°C, a 1 h dwell followed by forced air-cooling to ambient in 5 min. The same region of interest (RoI) in the coupon was examined by X-ray μ-CT after 0, 10, 50, 100 and 300 thermal cycles. In the meantime, in order to validate the X-ray μ-CT results on this small matchstick sample, a larger reference coupon (~ 3 mm in cross-section diagonal and ~ 10 mm in length) was cut from the same blade and subjected to the same thermal cycling regime.
This coupon was used for cross-sectional SEM investigation.
X-ray μ-CT was carried out using a Zeiss Ⓡ Versa 500 3D X-ray microscope. The X-ray tube was operated at 90 kV with a beam current of ~ 70 μA producing polychromatic X-rays. A lead-glass filter which absorbs photons with lower energies was used to achieve an optimal transmission rate and to reduce beam hardening. A 2k x 2k 16-bit CCD detector was used to record the projections. A 2 x 2 binning was employed to increase the counts in the projections thereby reducing the noise without having to increase the exposure time. Matlab R2014. The data sets obtained at different stages were co-registered so that the same features were aligned and could be tracked.
The virtual cross-sections taken from the centre of the X-ray μ-CT volumes acquired as a function of the number of thermal cycles are presented in Figure 1 alongside the corresponding cross-sectional SEM micrographs taken from the reference sample exposed to the same numbers of thermal cycles.
The topcoat appears to have more defects in the SEM images than in the CT virtual slices.
Only relatively larger inter-column gaps can be seen in the CT slices and the fine cracks in the SEM images are not observed in part due to damage introduced during sample preparation for SEM and in part due to the higher spatial resolution in the SEM images.
A layer of oxide can be observed above the bond coat in the as-deposited state most likely due to process-induced oxidation. Even in the as-deposited state, imperfections exist in the TGO (see region denoted by the ellipse in Figure 1 ). The inter-diffusion zone (IDZ) appears the brightest in the CT virtual cross-sections as it is rich in Pt and refractory elements from the CMSX-4 superalloy substrate [27] . Such elements generally have a high X-ray mass attenuation coefficient. Dark inclusions are evident at the β-(Ni, Pt)Al/IDZ interface (labelled as A in Figure 1) . Energy-dispersive X-ray spectroscopy (EDS) mapping confirms that these particles consist of Al and O as shown in Figure 2 (a). This confirms that such inclusions are corundum particles that have been embedded in the substrate during the grit-blasting processing prior to aluminizing [6] .
Regions around the corundum particles (A in Figure 1 (a-c)) at the β-(Ni, Pt)Al/IDZ interface have changed little over the first 100 thermal cycles. However, after 300 thermal cycles, the corundum particle appears to be larger in size. Cross-section SEM image shows that voids 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 can develop next to corundum particles as thermal cycling proceeds (see Figure 2) . Therefore, it is likely that the enlargement of the corundum feature in figure 1 is due to void formation next to it.
Isolated voids are first found at the β-(Ni, Pt)Al/IDZ interface in the SEM image taken after 10 thermal cycles (C in Figure 1 (f) ). However, this could due to the loss of corundum particles during sample preparation. The formation of voids at this interface is evidenced by the CT virtual slices showing that voids have also initiated in what appear to be defect free regions with thermal cycling (B in Figure 1 (c) and (d)).
The IDZ initially has a very uneven interface with the substrate as is clear from both the SEM and CT image of the as-deposited sample. As thermal cycling proceeded, the fine precipitates in the IDZ are gone. This is accompanied by the formation of large particle-like and needlelike precipitates after 100 thermal cycles (Figure 1 (g) ). These are likely topologically closepacked (TCP) phases [10, 18, 19] . The needle-like precipitates then disappear with further thermal cycling, leaving behind the particle-like precipitates. It is noteworthy that the intrinsic imperfections in the TGO in the as-deposited sample have extended into the substrate with thermal cycling (ellipse in Figure 1 ).
The TGO thickness has been determined from both the SEM images and the CT virtual crosssections. To achieve a sub-pixel accuracy in TGO thickness measurement, we fitted the grey value profile across the TGO with a Gaussian function and the TGO thickness was taken as the full width at half maximum (FWHM) of the valley in the grey value profile (see [12] ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 growth on TGO thickness measurement. It is evident from Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 value and its evolution during thermal cycling is the same for both techniques and so the lack of rumpling is not the result of the small sample size used for the μ-CT time-lapse study.
Time-lapse 3D observations on a section of the TGO/bond coat interface (200 × 250 μm 2 ) are shown in Figure 4 (b-e) along with the interface profiles determined from the SEM crosssections (Figure 4 (g) ). Valleys and ridges can be seen at the interface. Moreover, the 3D
profile of the interface is defined largely by the as-deposited profile. It has changed slightly in the first 10 thermal cycles remaining more or less unchanged thereafter.
As shown in Figure 4 , there is no evidence of significant rumpling. Nevertheless, progressive roughening has been spotted in a certain location (e.g. ellipse in Figure 1 ). For this spot, the local undulation has been quantified using a half-cycle sinusoid having an amplitude of A and a breath of L/2. The change in amplitude during thermal cycling is plotted in Figure 4 (h).
The amplitude A (peak-to-valley) of the undulation in the TGO (shown in Figure 4 In this study, the validity of studying small samples cut out from coated blades by X-ray μ-CT to study the TGO growth and interface profile in an EB-PVD TBC with a β-(Ni, Pt)Al bond coat has been demonstrated against destructive cross-sectional SEM micrographs taken 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 from larger samples at different stages of thermal cycling. By comparing the TGO and topcoat/TGO interface revealed by μ-CT, the following conclusions can be drawn: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 thermal cycles where the colours represent the relative vertical height; (f) R RMS of the interface as a function of thermal cycle number determined from SEM cross-sections and μ-CT virtual cross-sections; (g) Interface profiles extracted from cross-sectional SEM micrographs and (h) variation in the amplitude (A) of the undulation ① in (b).
